Approved for public release; distribution is
unlimited

~  AD- A260 957 o Apwroved
LRIV EAR on PAGE e
E I|| il B | | r'm:m.wnnbﬂmug“:&ﬁ
= SYINI ond SuBgEL, Peperwert Asdurion Projuct 19704-0 1000 Weshengean, OC 20982
'y neryne wese 3. REPOR Pt ANO DA [
- AGERCT (38 g & ’ |50 January 1993 Final Technical 89/11/1 - 92/10/31
4, TITLE AND m S. FUNDING NUMBIRS
(U) Flame-Turbulence Interactions PE - 61102F
PR - 2308
SA - BS
© Aimoas] G - AFOSR 90-0025
Domenic A Santavicca
. PERFORMING ORGANIZA NAME(S) AND ADORESS(E S PERF ORGANIZA
Pennsylvania State University REPORT NUMSER
Mechanical Engineering Department
University Park PA 16802 AFLETL - '
' 3
10. SPONSORING / MONITORING |
. ORING AGINCY NAME(S) AND =
AFOSR/NA e :
110 Duncan Avenue, Suite B115 E-“‘EC’TQQ?’
Bolling AFB DC 20332-0001 N\AROQ
1 1AV, ATEMEN 1 C

13. ABSTRACT (Mammum 200 words)

flame curvature and orientation statistics.

98 3 8 060 \\\‘\

The interaction between individual vortices and a premixed laminar flame was investigated in order
to characterize the underlying dynamics of flame-turbulence interactions and thereby gain an
improved understanding of premixed turbulent flames. In addition, previous two-dimensional flame
structure measurements made in turbulent premixed flames were re-
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RESEARCH OBJECTIVES

There are a number of important, and to date unresolved, issues related to the structure and
the propagation of premixed turbulent flames, including their geometric properties, the effect of flame
stretch and Lewis number, and the sources of flame-generated turbulence. In order to address these
issues, a more fundamental understanding of flame-turbulence interactions is required. In this study,
the interaction between individual vortices and a premixed laminar flame was investigated in order to
characterize the underlying dynamics of flame-turbulence interactions and thereby gain an improved
understanding of premixed turbulent flames. In addition, previously obtained two-dimensional flame
structure measurements made in turbulent premixed flames were re-analyzed in order to obtain flame

curvature and orientation statistics.

RESEARCH RESULTS

The results of this research are described in detail in four papers which are included as
Appendices A through D of this report. The first and second papers are entitled, "Curvature and
Orientation Statistics of Turbulent Premixed Flame Fronts" and "Surface Properties of Turbulent
Premixed Propane/Air Flames at Various Lewis Numbers," respectively, and present results of an
analysis of previously reported flame structure measurements made over a range of u'/S; from 1.42
to 5.71, and Le from 0.98 to 1.86. These are the same measurements for which we previously
reported fractal dimensions, but now have re-analyzed in terms of flame curvature and orientation
statistics in order to provide data which is more consistent with recent numerical predictions such as
those of Pope, Poinsot, and others. The major conclusions which we have drawn from this work are
as follows:

(1)  The flamelet curvature distributions are symmetric with respect to the zero mean and

can be approximated by Gaussian distributions.

(2)  The mean positive (negative) flamelet curvature increases (decreases) with increasing

u’/S,, and is governed by a nearly square-root dependence on u'/S; .
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The mean flamelet radius of curvaiure is approximately twice the Taylor scale of
turbulence in the approach flow, suggesting that the length scale of turbulence has a
more important role than u’/S; or Le in determining the flame curvature.

The flame orientation exhibits an evolution from anisotropy toward a more uniform
distribution with increasing u'/S; at a similar rate for all Lewis numbers tested, and
isotropy is estimated to occur for u’/S; = 10. )

The flame surface area ratio, Pr/Py, is observed to vary from 2.9 to 5.2 when u'/S is
increased from 1.42 to 5.71, while thermodiffusively unstable mixtures (Le < 1) exhibit
larger flame surface area by up to 30% in comparison to flames with Le> 1.

Pockets of both reactants and product gases in two-dimensional images are observed at

the conditions studied accounting for up to 25% of the total flame area with the

fraction of flame pocket area tending to be larger for Le< 1.

The third and fourth papers are entitled, "Flame Front Geometry and Stretch During

Interactions of Premixed Flames with Vortices” and "Local Response and Surface Properties of

Premixed Flames During Interaction with Kdrm4n Vortex Streets,” respectively, and present results

from our study of flame-vortex interactions. The motivation for this work being the notion that the

interaction between an individual vortex and a premixed laminar flame front can be viewed as the

basic "building block” from which to develop an improved understanding of the underlying processes

involved in flame-turbulence interactions. This work was initially intended to be entirely

experimental; however, we have also had considerable success in developing a relatively simple

model based on a kinematical relationship between convection due to fluid motion and normal flame

propagation. From the experimental and numerical results obtained to date, we have drawn the

following major conclusions:

(N

The flame front geometry during the interaction of premixed laminar flames with

K4rmdn vortex streets can be simulated by a kinematical relationship between
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convection and flame propagation, although for quantitatively accurate reconstruction,
the effect of the flame on the vortex properties needs to be considered.

Vortex strength, size and spacing are important parameters in determining the
geometry of the wrinkled flame fronts; in particular, vortex spacing parallel and
perpendicular to the flame affect the spatial frequency and the time for development of
the wrinkled structures, respectively.

Flame streich during flame-vortex interactions is non-uniform in space and time, with
flow strain and curvature effects causing a spatial fluctuation from positive to
compressive flame stretch while the overall flame stretch is positive and time-
dependent.

Local flame properties during interactions with vortices exhibit responses consistent
with the results of stretched laminar flame theories in that the OH LIF intensity
increases when the local flame curvature becomes positive (negative) for
thermodiffusively unstable (stable) flames.

Departure of the peak OH LIF intensity for hydrogen flames ranges from 20 to 150%
of the value for unstretched flames (zero flame curvature) for flame curvature ranging
from -1.5 to 0.7 mm!, while for propane/air flames, the variation is within + 20% of
the value at zero curvature. Thus, the widely-used approximation of assigning constant
local flame speed in turbulent premixed flames may be subject to significant errors for
hydrogen flames for which the magnitude of (1/Le-1) is relatively large, while for
typical hydrocarbon flames, this approximation appears to be more reasonable.

The variation in the averaged peak OH LIF intensity is nearly linear with respect to a
variation in flame curvature from -1.2 to 0.8 mm™!, indicating that the application of
stretched laminar flame theory to turbulent premixed flames in which the local flame

speed is a linear function of the flame stretch and Markstein length is reasonably accurate.
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The flame area during interactions with Kdrmdn vortex streets increases as a relatively
weak function of uy/S,;, while the vortex size affects the flame area, in that smaller
vortices are less effective in generating flame area. The effect of Lewis number on the
flame front is to enhance (suppress) the amplitude of the wrinkles generated by vortices
for thermodiffusively unstable (stable) flames, thus resulting in larger (smaller) flame
area.

The flame curvature pdf’s for flames interacting with Kdrmén vortex streets exhibit a
bias toward positive flame curvature due to the large area of positively-curved flame
elements that develop downstream along the V-flame. A decrease in vortex size tends
to increase the flame curvature and thus broaden the pdf’s, while uy/S; and Lewis
number have relatively small effects on the flame curvature pdf’s.

The flame orientation distribution is peaked near the normal direction of flame
propagation for small uy/S;, while an increase in uy/Sy results in broadening of the
flame orientation distribution and a shift toward larger flame angle due to the increased
distortions in the flame front and increases in the effective flame propagation speed,
respectively. An increase in the vortex size and decrease of Lewis number below unity
for similar reasons results in broadening and a shift of the flame orientation

distributions, although the effect is not as pronounced.
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APPENDIX A

Curvature and Orientation Statistics of Turbulent
Premixed Flame Fronts

T.-W. LEE., G. L. NORTH and D. A. SANTAVICCA Turbulent Combustion
Laboratory, Propulsion Engineering Research Center, Department of
Mechanical Engineering, Penn State University

(Received April 23, 1991; in final form September 17, 1991)

Abstract—The curvature of turbulent premixed flame fronts is an important spatial property that needs to
be quantified over a range of turbulence conditions. In this study. measurements of flamelet curvature along
with orientation statistics for ¥'/S;, = 1.42-5.71 are obtained from OH planar laser-induced fluorescence
images of the flame boundaryv by applving a curve-tracing difference formula with interval length of the
order of the inner cutoff scale. Use of this particular interval length is essential for accurate tracing of the
flame boundary with implicit filtering of extraneous noise that can introduce significant errors in the
curvature measurements. The distributions of flamelet curvature are found to be symmetric with respect
to the zero mean, while the variance increases with increasing «'/S; . These distributions can be approximat-
ed by Gaussian distribution functions. The positive and negative mean curvatures show a nearly square-
root dependence on «’/S, . whereas the mean flamelet radius of curvature is approximately a factor of two
larger than the Taylor scale of turbulence in the approach flow. The effect of Lewis number on flamelet
curvature is evidenced by a 20% increase in mean cuvatures which is attributed to the unstable flame fronts
at Lewis number less than unity. The evolution of flamelet orientation with increasing ¥’/S, shows a trend
toward isotropy. which is estimated to prevail when u” becomes an order of magnitude larger than S, . For
unstable flame fronts (Le < 1). flamelets are more randomly orientated and thus isotropy may be achieved
for somewhat smaller ratio of /S, .

INTRODUCTION

Recently, analyses of turbulent premixed combustion within the wrinkled laminar
flamelet reggime have involved the use of various spatial statistical properties of flame
fronts. These include fractal analysis (Gouldin, 1989) in which the fractal dimension
and cutoff scales determine the ratio of turbulent to laminar burning surface areas:
the strained laminar flamelet calculations of Cant and Bray (1988), where the mean
reaction rate is related to spatial or temporal flamelet crossing frequency; the stochastic
flamelet model (Pope and Cheng, 1988) in which the effects of curvature and orien-
tation on the evolution of the flamelet area are modelled under idealized conditions;
and the spectral method of Weller er al. (1990) where the spectral distribution of flame
wrinkling is computed. Experimental evaluations of spatial flame properties to date
are numerous and include, for example, the measurements of fractal dimensions
(Mantzaras er al., 1989: North and Santavicca, 1990; Wu er al.. 1991), inner cutoff
scales (Shepherd er al., 1990; North et al., 1991), spatial and temporal flamelet
crossing frequencies and flamelet orientation (Cheng er al., 1988; Chew et al.. 1990).
However. thus far. measurements of flamelet curvature have not been reported, except
in one instance (zur Loye and Bracco, 1987); and perhaps for this reason curvature
characteristics have not been extensively treated in modelling efforts.

Since the local laminar flame speed is determined by the Lewis number and flame
stretch. to which both flow strain and curvature contribute. curvature and its statistics
are an essential component in a rigorous treatment of wrinkled flamelet combustion.
Experimental and theoretical investigations have shown that the combined effects of
curvature with preferential diffusion and flow strain can greatly affect flame speeds
and extinction limits (Mikolaitis, 1984a and 1984b; Asato et al., 1988). In addition,
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experimental work of Echekki and Mungal (1590 reveals that flame speed is non-
linearly dependent upon flame curvature and can increase by a factor of up to 6.25
with respect to unstrained flame speed in the presence of large curvature. Therefore.
it is of considerable interest to determine the range of flamelet curvature encountered
under turbulence conditions characteristic of practical combustion devices. as
flamelet curvature has potentially significant effects on turbulent combustion. On the
other hand, some authors (Cant and Bray. 1988: Becker er al.. 1990) have argued that
the overall effect of flamelet curvature on the burning rate integrates to zero if the
curvature distribution is symmetric. Thus. an experimental investigation of flamelet
curvature and its statistics at this point would prove to be useful.

Furthermore. there are some interesting questions concerning the orientation of the
flamelets that need to be answered for accurate modelling as well as for fundamental
understanding of the phenomena. For example. within the stochastic flamelet model
(Pope and Cheng. 1988) the area-reduction term that determines the development of
flamelet element area becomes infinite if flamelets are assumed to be randomly
orientated. thus requiring a correction term called the orientation factor. At relatively
low turbulence intensities. the flamelet crossing angle data by Chew er al. (1990) show
a high degree of anisotropy in flamelet orientation indicated by the predominance of
“forward-facing” flamelets. However. as the turbulence level increases. it is intuitively
obvious that the flame front will become more convoluted resulting in a more
randomly distribution of flamelet orientation angles. At sufficiently high turbulence
intensities, the flamelet orientation is expected to be isotropic; and an assessment of
the evolution of the flamelet orientation distribution toward isotropy is an issue that
1s addressed in this investigation.

Finally, as Pope er al. (1989) have considered the curvature of material surfaces in
isotropic turbulence using direct numerical simulation. a parallel consideration of the
curvature of a flame front, which is a nonuniformly propagating surface. is of interest.
Such a comparison of curvature together with an examination of flamelet orientation
distribution can provide insight into how propagation modifies the curvature of
material surfaces and conversely how turbulence affects the geometry of flame fronts.
In view of this, the aim of the present investigation is to experimentally determine the
curvature and orientation statistics at various turbulence intensities and equivalence
ratios, and examine the consequent implications on the interaction between turbu-
lence and premixed flame fronts.

EXPERIMENTAL METHODS

Nearly one-dimensional. freely propagating, premixed turbulent flames were produced
in an experimental device called a pulse flame flow reactor, which is schematically
illustrated in Figure 1. Using this device. flames propagating downward into a
high-intensity turbulence approach flow can be repetitively generated for ensemble-
averaging of various flame properties. Details of the operation of this device are
published elsewhere (Videto and Santavicca. 1991). In order to investigate various
spatial properties of flame fronts. OH planar laser-induced fluorescence (PLIF) was
used. The schematic of this setup is shown in Figure 2. The second harmonic of a
Nd:YAG was used to pump a tunable pulsed dye laser, the output of which was
frequency-doubled to generate a 284 nm uv-beam of ca.. 10ns in pulse duration.
Following beam expansion to 20 mm diameter, a spherical-cylindrical lens combina-
tion was used to produce a beam sheet with a measured thickness of approximately
150 um. The excitation-detection scheme involved excitation of the blended Q,(8) and
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FIGURE 1 Pulsed-flame flow reactor.

Q,(9) lines in the (1,0) AL~ -X"I1 transition, followed by broadband detection of the
rovibrationally relaxed (1. 1) and (0. 0) fluorescence signal near 315nm. 8 mm x § mm
images of the flame fronts were taken using a uv-transmitting camera lens (f/1.1) in
conjunction with a dual microchannel-plate intensified Reticon camera. The image
acquisition process was initiated by the trigger signal from an optical flame arrival
detector indicating flame arrival within the field of view (North and Santavicca. 1990).
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FIGURE 2 Schematic of OH PLIF imaging system.
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TABLE |
Summary of test conditions
1) u' v'[S, Re, Da Le (H) Oy a,
(m/sec) (mm~") (mm~")

0.75 0.5 1.42 154 56 1.86 0.017 0.664 0.75
0.75 1.0 285 314 29 1.86 —0.007 1.075 0.65
0.75 1.5 4.29 500 20 1.86 -0.017 1117 0.65
0.75 2.0 5.71 667 15 1.86 0.112 1.677 0.65
1.00 0.6 1.42 185 67 1.40 0.001 0.804 0.75
1.25 0.5 1.42 154 56 0.98 0.025 0.827 0.75

This trigger signal caused the laser to pulse while simultaneously activating the gate
on the intensified array camera. An intensifier gate of ca.. 1 um was sufficient to
eliminate the ambient noise due to flame luminescence.

Propane/air mixtures of equivalence ratios ranging from 0.75 to 1.25 were used.
At a fixed equivalence ratio of 0.75, the turbulence intensity was varied from v =
0.5m/sec to 2.0 m/sec. corresponding to «’/S; values from 1.42t0 5.71. Also, at a fixed
u’|S, of 1.42, the equivalence ratio was varied from 0.75 to 1.25, resulting in a Lewis
number variation of 0.98 to 1.84. The test conditions are summarized in Table I.

CURVATURE ANALYSIS

From the OH PLIF images, a threshold pixel intensity was identified as the minimum
value between bimodal intensity peaks corresponding to the burned and unburned gas
regions in the intensity histogram. Using this threshold. the images were put into a
binary format. from which the perimeters demarcating the burned/unburned regions
were detected and digitized into numerical coordinates. A 4th-order Newton’s divided
difference formula, which is a S-point curve-fitting scheme allowing for uneven
interval lengths, was then applied to obtain a polynomial function for these perimeters.
In a separate study (North er al., 1991). fractal analysis was applied to the same OH
PLIF images (included in the aforementioned article) in order to resolve inner cutoff
scales. i.e., the smallest scales of the flame fronts, yielding inner cutoffs ranging from
0.4 to 1 mm. Therefore. interval lengths in the difference formula were restricted to
values between 0.25 and 0.625mm. This is an important element in the present
analysis in that interval lengths much smaller than the inner cutoff can result in false
tracking of small-scale digitization noise in the perimeter while interval lengths larger
than the inner cutoff can cause the perimeter tracing routine to miss relevant features
in the flame front. Using 0.5mm as the interval length for most of the perimeters,
accurate tracing of the flame boundaries resulted with implicit filtering of extraneous
noise smaller than the minimum scale present in the flame front. This method
eliminates any ambiguities associated with analyzing perimeters containing noise. and
is consistent with the concepts of fractal geometry in that using intervals of the order
of the inner cutoff insures correct tracing of the perimeters.

As the difference formula cannot accept perimeters with infinite slopes. a threshold
value in the vertical slope was set and detection of slopes higher than this threshold
caused a 90° rotation in the coordinate system, resulting in high slopes being converted
into nearly zero slopes. This method was also used to handle what would otherwise
be intractible multi-valued perimeters. Another threshold in the horizontal slope was
also set since the 90° rotation of the coordinate system can convert nearly zero slopes
into unacceptably high slopes. Simultaneous detection of slopes exceeding both the
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FIGURE 3 Typical performance of the perimeter tracing routine.

vertical and horizontal thresholds resulted in the rejection of that particular segment
of the perimeter. Since the simultaneous occurrence of slopes exceeding both threshold
limits is not directly dependent on curvature but on the coincidental orientation of
two or more sections of the perimeter, this is not expected to introduce a bias in the
subsequent analysis of curvature. In any event, the analysis provided better than a
90% acceptance rate; thus, bias associated with the thresholding in the perimeter
tracing routine, if any. is expected to be minimal. After the polynomial function was
obtained in this manner from the raw perimeter, the coordinate system was rotated
back 90° to restore the original direction of flame propagation. As the accuracy of
data obtained from these perimeters is critically dependent upon the accuracy of the
perimeter traces, the entire set of ca., 250 perimeter traces was plotted and checked
by directly comparing with the raw perimeters, as in Figure 3 where typical per-
formance of the perimeter tracing routine is shown. Figure 3 is a sampling of flame
perimeters obtained from four separate realizations; and the direction of propagation
is globally from top to bottom as noted by the reactant and product sides of the flame
perimeters. Local degradations of the raw perimeters can occur due to digitization
noise, slight misfocussing and the effects of beam nonuniformity even after beam
normalization. The importance of using the inner cutoff as the interval length is
demonstrated in Figure 3, where it can be seen that selection of an interval length
much smaller than the inner cutoff would cause the tracking of occasional small-scale
noise and result in erroneously large curvature measurements.

Once the 4th-order polynomial functions of the perimeters were thus obtained and
checked. the orientation and curvature of the flamelets represented or the perimeters
could be analyzed in a straightforward manner since the first derivaiive of the
polynomial gave the tangent from which the normal direction could easily be com-
puted and the second derivative could be used to calculate the curvature. Curvature
was defined positive for flamelets convex toward the reactants, while the orientation
angle was measured with respect to the positive horizontal axis. 400 to 500 flamelet
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¢ = 0.75.

elements of ca.. 0.5mm in length were analyzed for each condition, while the slight
variations in flamelet element length were accounted for by statistical area-weighting.

RESULTS AND DISCUSSION

The evolution of the probability density function (pdf) of flamelet curvature with
increasing «’/S, at a fixed equivalence ratio of 0.75 is shown in Figure 4. Inspection
of the pdf's and the flame perimeters indicate that the cusping of the flame front
toward the product side which is observable in weakly turbulent flames is seldom
observed at these conditions; and flamelets with large curvature are as likely to be
convex as they are to be concave toward the product side. The pdf's exhibit a
symmetric shape with respect to the zero mean. while the width (variance) increases.
as expected. with increasing «’/S;. At high /S, the ability of the flame to dampen
the wrinkles caused by turbulence is reduced resulting in increased flamelet curvature.
Moreover. with increasing u” or turbulence Reynoids number the relevant scales in the
turbulent flow become smaller. again contributing to increased flamelet curvature.
More will be said later on the scales of turbulence and their efects on flamelet
curvature. The maximum statistically significant curvature. i.e.. maximum curvature
with nonnegligible number frequency. ranges from 1.5mm™' at «’/S, = 1.42 to
3mm~'atu’/S, = 5.71. Comparing these results with flame speed measurements as
a function of flame curvature reported by Echekki and Mungal (1990). flamelet
curvature in this range is sufficient to cause more than a three-fold increase in local
laminar flame speed with respect to the unstrained value. Flamelet curvature as high
as 8mm~' is observed, translating to radius of curvature of 0.125mm. Presence of
radii of curvature smaller than the inner cutoff, however, does not contradict the inner
cutoff results of the fractal analysis since isolated occurrences of high curvature does
not lead to an increased surface length.
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FIGURE 5 Mean flamelet curvatures as a function of (1S, )' Tate = 0.75.

The flamelet curvature pdf’s can be approximated by Gaussian distributions as
shown in Figure 4. The parameters used in the Gaussian distribution are the measured
mean and variance of the flamelet curvature. where the variance is corrected by a
factor close to 0.7 in order to account for the overestimation of the variance due to
outlying data points. This correction is necessary for the Gaussian fit due to the
non-zero probability of flamelets with high curvature while statistically significant
curvatures are bounded by this Gaussian fit as shown in Figure 4. The correction
factors. a,. are listed in Table I along with the means and variances.

From the measured pdf’s of flamelet curvature, positive and negative components
can be separately averaged to yield respective means. A logarithmic plot of these mean
curvatures against u’/S, yields slopes near 0.5. Thus anticipating a dependence of
flamelet curvature proportional to (¥’/S;)"". mean curvatures are plotted against
the square root of «’/S, as in Figure 5. Here. the flamelet curvatures plotted are
unnormalized due to ambiguities in defining the flame thickness. which in any case is
estimated to be 60 um for these conditions. It can be observed in Figure 5 that there
is an approximately linear increase (decrease) for positive (negative) components of
flamelet curvature while the overall mean stays near zero. Least-square fit lines
through the data points extrapolate toward zero curvature at u’/S, goes to zero, which
is reasonable since in the limit of zero turbulence intensity or infinite laminar flame
speed the flame front is expected to be perfectly planar exhibiting no wrinkles in the
absence of intrinsic instabilities. These observations indicate that the two-dimensional
behaviour of flame front curvature is governed by a nearly square-root dependence
onu’[S,.

Next. we take the arithmetic mean of the absolute value of positive and negative
flamelet curvatures at a given 4’/S, . and then compute the inverse of that quantity.
to yield the mean radius of curvature which is plotted in Figure 6. The mean flamelet
radii of curvature encountered range from 4.2mm at «’/S;, = 1.42 to 1.8 mm at
1'|S, = 5.71. Mean flamelet radius of curvature of 1.6mm has been reported for
premixed-charge flames at #’/S, ~ 4.0 in an IC engine by zur Loye and Bracco
(1987). although the inner cutoff data being unavailable at the time the step size in the
perimeter analysis of that study was varied as a parameter that sensitively affected the
resultant measurements. Normalizing by the estimated flame thickness of 60 um and
again referring to Echekki and Mungal (1990). it is found that curvature effects alone
can result in 10-30% change of flame speed in the mean from the unstrained laminar
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flame speed. Also plotted in this figure are the Taylor (4;) and Komogoroff (5,) scales
of turbulence in the approach flow, calculated through dimensional arguments
(Hinze. 1975) using the measured turbulence intensity and integral scale. and also the
Kolmogoroff scale multiplied by 12. This last quantity is of importance because
through direct numerical simulation performed at a Taylor Reynolds number of 39
(Pope et al.. 1989), which is roughly comparable to Re; = 48 at 4’/S, = 1.42 in the
present data. it has been found that the mean radius of curvature of material surfaces
in isotropic turbulence is approximately 12 times the Kolmogoroff scale. Although
this result is restricted to a single turbulence Reynolds number. some interesting
observations can be made by comparing the mean flame radius of curvature with this
scale as well as other relevant scales of turbulence. It is also of interest to note that
in the numerical simulation by Pope er al. (1989) 12 n, is found to roughly coincide
with the Taylor scale of turbulence at this condition.

Before any direct comparison is made, the present data must be corrected for
three-dimensional effects since 12 #, is the radius of curvature of three-dimensional
material surface defined as:

R = (H} + H))'",

where H, and H, are the principal components of curvature. Here, for flamelet
curvature the orthogonal components is taken to be equal to the measured curvature,
ie.H, = H,, yielding R, = 1/\/2R. This correction is reasonable since the measured
curvature is a random sampling of flamelet curvatures with no preferred direction.
Recently, Ashurst (1991) used a zero-thickness. constant-density premixed flame
model to show that the three-dimensional geometry of the flamelets are asymmetrical
in that one curvature component is at least three times larger than the orthogonal
component. However, random two-dimensional sampling of flamelet curvature in this
geometry results in a correction factor of 1/,/2.5, which is a relatively small deviation
from the present correction factor. Therefore. for the comparison discussed below the
correction factor of 1/,/2 is retained. The comparison in Figure 6 shows that the
corrected mean radius of curvature of the flame front, as expected. is larger than that
of the material surface, represented by 12#,, while the slope of ca., —0.55 is closer to
that of 7, (—0.46) than 125, (—0.74). Multiplying 4, by two roughly gives the
corrected flamelet radius of curvature, with agreement diminishing at higher «’/S, .
Thus, if material surfaces in isotropic turbulence can be assumed to possess a mean
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FIGURE 7 Mean flamelet curvatures as a function of equivalence ratio at &’/S; = 1.42.

radius of curvature of the order of /2, or 12y, even at higher turbulence Reynolds
numbers, then a possible mechanism for curvature generation in flame fronts is that
turbulence by itself produces mean radius of curvature close to %, and the effect of
flame propagation is to smoothe this surface and thereby increase the radius of
curvature by a factor of up to 2, which possibly depends on the effects of Lewis
number and flame stretch.

The effect of Lewis number on flamelet curvature is also investigated by fixing u'/S,
at 1.42 and varying the equivalence ratio from 0.75 to 1.25, corresponding to a
variation between diffusively stable (Le = 1.84) and marginally unstable (Le = 0.98)
conditions. The result is illustrated in Figure 7. For the stoichiometric case. u’ was
increased in order to keep u’/S, constant, while for equivalence ratios of 0.75 and 1.25
the laminar flame speeds are identical and adjustment of " was not necessary. Here,
again curvature is plotted without normalizing by flame thickness since this would
imply that flamelet curvature scales with flame thickness whereas we have seen in
Figure 6 that flamelet curvature is more likely to scale with the length scale of
turbulence in the approach flow. The increase in flamelet curvature resulting from
unstable flame fronts is reflected by an almost 20% increase in the absolute values of
positive and negative mean curvatures and a similar increase in the variance.

It is worth mentioning that the mean flamelet radius of curvature of 3.6 mm at
¢ = 1.25 is comparable to the integral scale of flame wrinkling measured by Chew
et al. (1990), which was found to be nearly constant at ca.. 4 mm for similar «’/S; and
equivalence ratio; although in that study a Bunsen flame has been used and turbulence
characteristics are somewhat different. Flamelet radius of curvature has been used as
a representative length scale in theoretical studies (Matalon and Matkowsky, 1982).
and is a natural scale defining the characteristics of flame front wrinkling. Also. since
curvature directly contributes to the modification of the local laminar flame speed due
to stretch effects. the distribution of flamelet radius of curvature. along with the
orientation statistics to be presented next and fractal data such as the fractal dimen-
sion and cutoff scales, can provide a complete spatial characterization of turbulent
premixed flame fronts.

The orientation of the flamelet, z, is defined in the present analysis as the angle that
the normal vector of the flamelet element makes with respect to the positive horizontal
axis, yielding —90° as the direction of downward propagation. Figure 8 shows the
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FIGURE 8 Evolution of flamelet orientation distributions for 4’/S, = 1.42-5.7]1 at ¢ = 0.75.

evolution of the flamelet orientation distribution with increasing «’/S, at an equiva-
lence ratio of 0.75. The distribution at &’/S, = 1.42 is qualitatively very similar to the
distribution of flamelet crossing angle measured by Chew et al. (1990) as most of the
flamelets propagate in the forward direction with orientation angle between — 180°
and 0° while “‘reversed” flamelets, i.e., propagating upward with orientation angle
between 0° and 180°, are less frequent in occurrence. Although in the present analysis
the orientation angle is simply the normal direction of flamelets whereas the flamelet
crossing angle data of Chew et al. (1990) are measured with respect to surfaces of
constant mean reaction progress variable, it is reasonable to expect that the distribu-
tion of these quantities will behave in a similar manner since the surface of constant
reaction progress variable in the present experiment, where flames propagate freely
downward, is likely to be nearly horizontal. With increasing «’/S,. the orientation
becomes more uniformly distributed, i.e., from mostly forward facing orientations at
u’[|S; = 1.42 the flamelets tend toward isotropy at «’/S, = 5.71 where all directions
of propagations are observed in significant number frequencies. However, complete
uniformity in the orientation distribution is not achieved even at u’/S, = 5.71,
indicating that the flamelets at this condition are not yet completely isotropic.

A measure of the anisotropy of flamelet orientation is the variance in the number
frequency of orientation angle with respect to the mean number frequency normalized
by the mean number frequency. denoted o,/{ /). For a uniform distribution. the
variance of number frequency is zero since the number frequencies are all identical.
thus ¢,/(f) equals zero. An estimate of the isotropy condition can be made by
plotting a,/< /) against «’/S, and extrapolating to find u’/S, where o,/{f) goes to
zero as shown in Figure 9; here for consistency o,/{ /) is plotted against the square-
root of u’/S,. A least-square fit line through the data points show that in order for
o,/{f> to be zero (u’/S,)'* = 3.3 or «’[S, = 10. Therefore, ¥’ must be approxi-
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FIGURE 9 Estimate of isotropy condition.

mately an order of magnitude larger than S, for isotropy to be achieved. Inspection
of OH PLIF images show that multiply-connected flamelets. i.e.. packets of burned
and unburned gases occur at negligible frequency at «’/S, = 1.42. while this fre-
quency increases with increasing u’/S, . Although three-dimensional topology of flame
fronts cannot accurately be assessed using a single-sheet two-dimensional methods
(Mantzaras er al., 1988) such as used in this study. shadowgraph measurements by
Abdel-Gayved et al. (1989) demonstrates the possible mecharisms of flame front
fragmentation and pocket formations. Therefore, for 4’ > S, it may be hypothesized
that the flame front can no longer be singly-connected resulting in so-calied **packet™
combustion and within this regime since flame fronts form many separate and locally
closed surfaces the flamelet orientation is likely to be isotropic. Strictly. however. the
present results apply only to the two-dimensional behavior of the flame fronts. If the
flame front is thermodiffusively unstable, ¢,/ f) becomes smaller as shown in Figure 9
where two additional data points corresponding to equivalence ratios of 1.00 and 1.25
are included. indicating that the flamelets are more randomly orientated and that
isotropy may be achieved for slightly smaller u’/S, .

CONCLUSIONS

From the considerations above, the following conclusions are made concerning the

curvature and orientation statistics of turbulent premixed flame fronts:

(1) The flamelet curvature distributions are symmetric with respect to the zero mean
and can be approximated by Gaussian distributions.

(2) The mean positive (negative) flamelet curvature increases (decreases) with increasing
u’[S,. and i1s governed by a nearly square-root dependence on «’/S, .

(3) The mean flamelet radius of curvature is larger than but of the order of Tavlor
scale of turbulence in the approach fiow.

(4) The mean flamelet curvature increases when the flame front becomes diffusively
unstable (Le < 1).

(5) Isotropy in flamelet orientation is estimated to occur for u’ nearly an order of
magnitude larger than S, , whereas the required ratio is expected to be somewhat
smaller for unstable flame fronts.
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APPENDIX B

SURFACE PROPERTIES OF TURBULENT PREMIXED PROPANE/AIR FLAMES AT
VYARIOUS LEWIS NUMBERS

T.-W. Lee, G.L. North and D.A. Santavicca
Turbulent Combustion Laboratory
Department of Mechanical Engineering
Propulsion Engineering Research Center
Penn State University

ABSTRACT- Surface properties of turbulent premixed flames including the wrinkled flame
perimeter, fraction of the flame pocket perimeter, flame curvature and orientation distributions have
been measured for propane/air flames at Lewis numbers ranging from 0.98 to 1.86 and u’/S; = 1.42-
5.71. The wrinkled flame perimeter is found to be greater for the thermodiffusively unstable Lewis
number (Le<1) by up to 30% in comparison to the most stable condition (Le=1.86) tested, while
the fraction of the flame pocket perimeter shows a similar tendency to be greater for Le<1. The
flame curvature probability density functions are nearly symmetric with respect to the zero mean at
all Lewis numbers throughout the range of u’/S; tested, and show a much stronger dependence on
u’/S; than on the Lewis number. Similarly, the flame orientation distributions show a trend from
anisotropy toward a more uniform distribution with increasing u’/S; at a similar rate for all Lewis
numbers. Thus, for turbulent premixed propane/air flames for a practical range of Lewis number
from 0.98 to 1.86, the effect of Lewis number is primarily to affect the flame structures and thereby
flame surface areas and flame pocket areas, while the flame curvature and orientation statistics are

essentially determined by the turbulence properties.
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INTRODUCTION

Within the laminar flamelet regime of turbulent premixed combustion, the turbulent burning
velocity as a first approximation can be set equal to the ratio of the wrinkled flame area to the
undisturbed laminar flame area. In spite of this simplification, a rigorous method of estimating the
turbulent burning velocity as a function of the turbulence and mixture properties remains elusive.
For this reason, recent modelling and experimental research efforts have focused on the surface
properties of turbulent premixed flames. One modelling approach to predict the turbulent flame
surface area is based on the fractal analysis [1] where the fractal dimension and cutoff scales as a
function of turbulence intensity provide a quantitative description of convoluted turbulent flame
surface areas. Experimental measurements in support of the fractal analysis include those of
Mantzaras et al. [2], Shepherd et al. [3], North and Santavicca {4], Wu et al. [5], North et al. [6] and
references cited therein. Other approaches to estimate the flame surface area include the works of
Cant et al. [7) and Weller et al. [8]; while experimentally investigators have considered surface
properties such as the flame surface areas measured directly using laser tomography [5,9], spatial and
temporal flamelet crossing frequency [3,10,11] and flame curvature [9,12] and orientation [3,12].
Recently, direct numerical simulations of turbulent premixed flames under simplifying assumptions
of either two-dimensional turbulence or zero heat release [13-15] have also been important in
extending the knowledge of the surface properties of turbulent premixed flames.

Insofar as the ﬂamé surface properties are concerned in the laminar flamelet regime, flame
surface area, flame curvature and orientation statistics provide a complete set of geometrical
descriptions of turbulent premixed flame surfaces [16], although additional topological information
such as the fraction of the flame pocket area would be required for corrugated flamelets, i.e. flames
involving multiply-connected flamelets. The flame surface area is important as an indicator of the
degree of flame front wrinkling, as well as being a measure of the turbulent burning velocity. The

flame curvature probability density function (pdf) indicates how the flame wrinkle scales are
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distributed, while the flame orientation data shows the distribution of flame normal vectors in space.
Furthermore, since flame curvature contributes to flame stretch, considerations of flame stretch
effects on turbulent premixed flames require a knowledge of the flame curvature distributions. Many
flamelet models of turbulent premixed combustion [17,18] have considered only the effect of
tangential flow strains on the flame, while neglecting the contribution of flame curvature to flame
stretch. Recent computational results of Haworth and Poinsot [14] have indicated that the local
flame properties at non-unity Lewis numbers correlate more strongly with flame curvature than with
the tangential strain rates, thus further necessitating the knowledge of flame curvature distributions
at various turbulence conditions and Lewis numbers. The flame orientation is also important as a
fundamental flame surface property as well as having potential applications in several modelling
approaches, in which the flame crossing angle is required for the computation of the local mean
reaction rate [19] and modelling of source terms in the governing equation for the flame surface-to-
volume ratio [7].

In addition to turbulence properties, the Lewis number is an important independent variable
in determining the surface properties of turbulent premixed flames. Not only the local flame
properties at a given flame stretch vary at different Lewis numbers, but also the flame surface
undergoes significant changes depending on whether the thermodiffusive instabilities amplify or
suppress the wrinkles caused by turbulence. For example, larger flame areas have been observed for
Le<1 in turbulent premixéd flames [5,9,14], while the Lewis number enters into consideration in
order to rationalize the observed variations in turbulent burning velocities when different fuel/air
mixtures are tested [20]. Another important aspect of turbulent premixed combustion is the
propensity of the flames to form pockets under certain conditions, since this contributes to an
increase in flame area as well as having an effect on pollutant formation processes [21,22]. In view
of this, the aim of the present investigation is to characterize the flame surface properties in terms

of the flame surface area or wrinkled flame perimeter observable in two-dimensional images, fraction




of flame pocket perimeters, flame curvature and orientation distributions for turbulent premixed

propane/air flames at various turbulence conditions and Lewis numbers.

EXPERIMENTAL METHODS

Premixed flames propagating freely toward a nearly isotropic turbulent flow field were
generated in a device called a pulsed-flame flow reactor, schematically shown in Fig. 1. A slug of
propane/air mixture is produced upstream by introducing the fuel into the air flow for a selected
interval via a solenoid valve controlling the fuel flow. Intense turbulence was generated as the
mixture went through the slot plate and one-dimension contraction section. Once ignited by the
spark electrodes above the test section, a turbulent flame propagated downward into the test section
until it reached the end of the propane/air mixture. This process of generating the fuel/air mixture
slug and igniting the mixture could be repeated in approximately 1/4 Hz cycles in order to obtain
ensemble averages of flame properties over many realizations. The turbulence properties were
quantified by measuring the intensity and the integral length scales in the longitudinal and transverse
directions, which were nearly identical verifying the isotropy of the turbulent flow field within the test
section. Using this device, turbulence intensity, u’, ranging from 0.4 to 2.0 m/s for mean flow
velocities of 1.2 to 4.8 m/s could be obtained with corresponding turbulence Reynolds number, Re,,
of 150 to 670. Further details of the experimental apparatus and turbulence measurements which
shows that the turbulence properties are well-characterized and reasonably uniform within the test
section can be found in Videto and Santavicca [23]. For a given turbulence condition, three different
equivalence ratios, ¢, were used in order to assess the effects of Lewis number on flame surface
properties. Equivalence ratios of 0.75, 1.0 and 1.25 for propane/air mixtures corresponded to Lewis
numbers of 0.98, 1.40, and 1.98, respectively. Complete test conditions are tabulated in Table 1. The
laminar flame speed, S|, was identical at ¢ = 0.75 and 1.25, while it is higher at stoichiometry. Thus,

in order to isolate the Lewis number effects from the effects of u’/S;, the turbulence intensity for
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¢=1.0 was raised by an amount necessary to keep u’/S; constant at all equivalence ratios. However,
since the turbulence intensity was already near the maximum capability of the pulsed-flame flow
reactor at u’/S; = 5.71, only ¢ = 0.75 and 1.25 mixtures were tested at u’/S; = 5.71.

Two-dimensional images of the turbulent flames were obtained using OH planar laser-induced
fluorescence (PLIF). As is well known, OH radicals exist in large quantities within the preheat zone
and in the burned gas regions, and provide a convenient marker for flame fronts. A Nd:YAG laser-
pumped tunable dye laser was used to produce a laser beam of ca. 10 ns pulse duration tuned to an
excitation wavelength of OH radicals. A cylindrical-spherical lens combination was used to obtain
a beam sheet with a measured minimum thickness of approximately 150 pym. The resultant
fluorescence signal was collected by a UV-transmitting camera lens and focused onto an intensified
array camera. Further details of the OH PLIF setup can be found in Lee et al. [9]. In order to
capture the propagating flame within the camera field of view, the image acquisition process was
synchronized to a trigger signal from an optical flame arrival detector which indicated the presence
of a flame within the field of view when a He-Ne laser beam was deflected off a photodiode by the
density gradients at the flame tip. The trigger signal caused the laser to pulse, while activating the
image acquisition hardware. An intensifier gate of ca. 1 ps was used to eliminate the noise due to
flame luminescence. For each condition, typically ten 20 mm x 20 mm images were taken which have
pixel and feature resolutions of 150 pm and 300 pm, respectively; and comparison with 8 mm x 8 mm
images (pixel and feature resolutions of 60 pm and 125 pm, respectively) showed that the flame
curvature and orientation statistics were nearly identical between the two fields of views, while there
is less bias for the measurements of the total and pocket flame perimeters when larger field of view
of 20 mm x 20 mm is used. Thus, the results presented in this study represents those obtained from
20 mm x 20 mm images, while the 8 mm x 8mm images provided via fractal analysis the required
interval length used in the curvature analysis.

For the OH PLIF images thus obtained, a threshold pixel intensity selected from the intensity




histogram was used as a cutoff to differentiate burned and unburned regions during the binarization
of the images. The intensity histograms typically yielded nearly bimodal distributions as most of the
pixels were located in burned or unburned regions while a small percentage of the pixels in the
preheat zone exhibited pixel intensities between these two peak intensities. The use of the threshold
intensity as the average of these two peak intensities resulted in well-characterized flame boundaries
due to the small thickness of the preheat zone and nearly parallel nature of the OH LIF iso-intensity
lines within the preheat zone. From the binarized images, the flame perimeters were detected and
their Cartesian coordinates stored for analyses. A 4th-order Newton’s divided difference formula,
which is a 5-point curve-fitting scheme, was then applied to cbtain the flame coordinates as smoothed
functions of a variable, s, which is the distance along the flame f-ont from a fixed origin on the flame
front. ‘ihe curvature, H, then can be obtained in a straight-forward manner using: H = [(d%/ds?)?
+ (d%/ds??]2. Use of the independent variable, s, provides an inprovement over the previous
analytical method [12] since the flame curvature and orientation can be analyzed regardless of the
slope and complexity of the flame contours. The flame curvature is defined positive if the flame
element is convex toward the reactant. The orientation angle, «, which denotes the angle that the
flame normal vector makes with the positive horizontal axis, can also be computed from the flame
coordinates. The interval length used in the curve-fitting scheme was kept within 0.5 to 0.9 mm
range, which corresponded to the inner cutoff scales obtained for these flames from fractal analysis
(6], i.e., the smallest scales of flame front wrinkles. The fractal analysis [6] has shown that the inner
cutoff is of the order of the flame thickness and invariant with respect to the changes in turbulence
conditions; therefore interval length of the order of the flame thickness can be used in similar
analyses of flame curvature and perimeters. The choice of the inner cutoff scale as the interval
length in the curvature analysis is important for both flame curvature and flame perimeter
measurements since by sampling of the digitized flame coordinates at too close intervals can result

in tracking of small-scale digitization noise leading to excessively large curvatures; and conve-sely, use




of large interval lengths can cause the curve-fitting scheme to miss relevant features in the flame
fronts. The wrinkled flame perimeter was also measured using this interval length by adding all the
intervals traced on the flame perimeter. With the interval length within 0.5 to 0.9 mm, the number
of flame elements analyzed per condition ranged from 400 to 750, with the number being larger for
higher u’/S; due to the larger wrinkled flame perimeter observed per image. With the number of
samples analyzed, the mean flame curvature, for example, is accurate within +10-15% with 95%
confidence. Both flame curvature and orientation statistics were weighted by the length of each

analyzed flame element.

RESULTS AND DISCUSSION

Typical binarized images of the turbulent flames at u’/S; = 1.42 - 5.71 are shown in Figs. 2-4
for Lewis numbers of 1.86, 1.40 and 0.98, respectively (equivalence ratios of 0.75, 1.0 and 1.25). With
increasing u’/S; at all Lewis numbers, smaller scales of flame front wrinkles are observed which
contribute to the increase in flame surface area. In addition, large scale "folding” of the flame sheets
(e.g. Figs. 2(a)-(d)) similarly can increase the flame area; i.e., the flame structure in Fig. 2(a) is that
of a curved flame front with small-scale fluctuations, while with increasing u’/S; the large scale
undulations such as a "peninsula” at u’/S; = 2.85 and several layers of folded flame sheets at u’/S_
= 4.29 and 5.71 become mdre prominent in Figs. 2(b)-(d). Formation of flame pockets is another
contributor to the flame area. Although pockets of reactants and products are observable at
relatively low u’/S;, they become increasingly frequent in occurrence at high u’/S; and for
thermodiffusively unstable mixture, e.g., Figs. 4(c) and (d). While the variations in the flame
structures with increasing u‘/S; are substantial for Le=1.86, more dramatic changes in the flame
structures can be observed for the thermodiffusively unstable flame fronts (Le<1) in Figs. 4(a)-(d).

For example, the flame front tends to be very strongly convoluted along with the presence of flame
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pockets (e.g. Figs. 4(c) and (d)). Comparisons with the flame front images at Le=1.86 at identical
u’/S.’s show that the flame fronts are in general more convoluted and exhibit larger wrinkled flame
areas with flame pockets being observed in higher frequency. These observations of the flame
structures indicate that the higher degree of flame front distortions at higher u’/S; and at
thermodiffusively unstable condition results in larger flame surface areas and greater frequency of
flame pockets, as will be quantified subsequently. Moreover, at all the Lewis numbers the curvature
of the flame front wrinkles increases with increasing u’/S; which is noticeable even in cursory visual
examinations. However, at a fized u’/S; the changes in flame curvature at different Lewis numbers
does not appear to be pronounced. Another important observation from these flame front images
is the relative lack of cusps at any Lewis number under consideration, which has an important impact
on the flame curvature distributions. As for the flame orientation, the increase in u’/S; leads to
changes in the flame structures such as.the appearance of small-scale wrinkles, large-scale folding of
the flame sheets, and flame pockets, which can contribute to the increasing randomness in the flame
orientation distributions. However, the large-scale folding of flame sheets in Fig. 2(d) and fragmented
flame fronts with flame pockets in Figs. 4(c) and (d) can contribute in equal degrees to the changes
in length-weighted flame orientation statistics, and the effect of the Lewis number on the flame
orientation distribution may be relatively minor in spite of the differences in the appearance of the
flame fronts at different Lewis numbers. In the subsequent quantitative analyses of these flame front
images, first the flame curvature and orientation statistics will be presented, to be followed by the
wrinkled flame perimeters and the fraction of the flame pocket perimeters.

Flame curvature pdf’s at various u’/S; and Lewis numbers are shown in Fig. 5. Similar to
earlier results at a single equivalence ratio of 0.75 (Le=1.86) [12], the flame curvature pdf’s are
nearly symmetric with respect to the zero mean at all Lewis numbers under consideration, while the
width of the pdfs increases with u’/S; in a nearly identical manner for all Lewis numbers. The

number frequency at zero flame curvature decreases by a factor of two for a four-fold increase in




u’/Sy, also indicating that the flame curvatures are distributed at larger curvatures for higher u’/S.
Although a very weak bias toward positive flame curvature is observed at some conditions, the degree
of departure from symmetry is within the experimental uncertainties and no firm conclusions can be
drawn from it. The maximum curvatures range from approximately 2.0 mm™ at u’/S; = 1.42 to 4.5
mm! at u/S;_ = 5.71, which converts to radii of curvature of 0.2 to 0.5 mm that are roughly in the
order of the laminar flame thickness. The symmetry of the flame curvature pdf’s along with the flame
front image of Figs. 2-4 indicate that throughout the range of Lewis numbers covered in the present
study the cusping of the flame fronts associated with weakly turbulent and/or thermodiffusively
unstable flames are seldom observed. Cusped flame fronts typically involve a large area of positively
curved (convex toward the reactant) flame front terminated by a cusp, so that the corresponding
curvature pdf’s contain a strong bias toward positive curvature while the cusp manifests itself as a
large negative curvature with small frequency of occurrence due to the negligible flame area that it
occupies. The mechanism of cusp formation in weakly turbulent flames is that once the flame front
is wrinkled by the velocity fluctuations normal flame propagation causes the positively-curved (convex
toward the reactant) flame elements to grow in area while the negatively-curved flame elements move
toward and eventually collide with one another, thus resulting in a cusp. Thus, for cusps to occur,
the velocity fluctuations in the turbulent flow field needs to be weak and spatially sparse so that the
flame front wrinkles have time to develop their features. For turbulent flow fields where the strength
and spatial distribution of the vortices are such that the flame front is continuously wrinkled by the
vortices and not allowed to fully develop its features through normal flame propagation, the flame
curvature pdf’s exhibit nearly symmetric shape, as shown in Fig. 5. Another important observation
is the insensitivity of the flame curvature pdf’s for the Lewis number variation from 0.98 to 1.86. This
is in apparent contrast to the observed changes in flame structures when the mixture becomes
thermodiffusively unstable in Figs. 4(a)-(d). A possible explanation for the insensitivity of the

curvature pdf’s to Lewis number variations is that if the amplitude of the flame front wrinkles alone




is increased due to the thermodiffusive instabilities then both large curvatures at the "crest” and
"trough” of the wrinkles and small curvatures in between are generated with equal contributions to
the length-weighted flame curvature pdf’s. That is, the flame structures and flame area can be
affected by thermodiffusive instabilities due to the increase in the amplitudes of the wrinkles, with
length-weighted flame curvature statistics subject to relatively minor changes. Thus, Fig. 5 shows that
flame curvatures are strongly dependent on u’/S; and relatively insensitive to the variations in the
Lewis number for u’/S; from 1.42 to 5.71. In a stagnation flame configuration, Goix and Shepherd
[9] have also observed that at low u’/S; of 1.2 the flame curvature pdf’s are symmetric with respect
to the zero mean and insensitive to the changes in the Lewis number even though there is a
substantial increase in the flame surface area. Recent computational results similarly indicate that
the flame curvature pdf’s for constant-density [13] and two-dimensional turbulent flames [14] are
nearly symmetric with respect to the zero mean; the maximum flame curvature does not exceed the
inverse of the flame thickness; and the flame curvature pdf’s are relatively insensitive to the variations
in Lewis number (Le=0.8-1.2) [14].

From the flame curvature pdf’s, the positive, negative and overall mean flame curvatures,
<H*>, <II"> and <H> respectively, can be computed. The positive and negative mean curvatures,
when plotted against (u’/S)!? in Fig. 6, show a nearly linear dependence and tend toward zero
curvature when u’/S; is extrapolated to zero, indicating that the mean curvatures scale reasonably
well with (u’/S;)'? for all Lewis numbers under consideration. This square-root dependence is
interesting in view of the fact that the length scale of flame curvature, defined as
<R>=2/(<H*>+|<H">)), is for all the test conditions as shown in Table 1 approximately twice
the Taylor scale of turbulence in the approach flow, which has a square-root dependence on the
turbulence Reynolds number. Since the measured integral length scale varies by a small amount from
4.9 to 5.2 mm, the Taylor scale in the present experiment has a nearly square-root dependence on

u’. Thus, a possiole explanation for the square-root dependence of mean flame curvatures on u’/S;

30



31

is that an appropriate length scale of turbulence, the Taylor scale in this case, determines the mean
flame curvatures. For material surface in isotropic turbulence, the mean curvature has been found
to be close to 12 times the Kolmogoroff scale which equals the Taylor scale for the turbulence flow
field investigated by Pope et al. [24]. A related study of flame/vortex interactions [25] has shown that
the mean flame curvature of a premixed flame front wrinkled by an array of vortices has been found
to be of the order of the vortex diameter, while the vortex rotational velocity normalized by the
laminar flame speed, comparable to u’/S; in this study, certainly acts to increase the flame area but
has relatively minor effect on the characteristic flame curvature. Thus, above results indicate that the
length scale of turbulence has significant influence on the mean flame curvatures of turbulent
premixed flames. Various length scales of turbulence for the present test conditions along with the
overall mean, <H>, and variance in flame curvature are included in Table 1.

The distributions of flame orientation angles, a, are plotted in Fig. 7 for various equivalence
ratios. As noted earlier, the flame orientation angle is measured with respect to the positive
horizontal axis, and thus the downward direction of normal flame propagation is assigned the value
of -90°. It can be observed in Fig. 7 that for low u’/S; = 1.42 and 2.85, the flame orientation is
predominantly in the downward direction (-180° < @ < 0°) due to the fact that wrinkling of the
flame front is not sufficiently strong tc cause extensive local reversal in the flame propagation
consistent with the observations in the flame front images of Figs. 2-4. Similar observations of flame
orientation distributions centered around the normal direction of flame propagation have been
observed for premixed Bunsen burner flames [10] at low turbulence levels (u’/S; =1.9). At higher
v’/S;, the appearance of the small-scale wrinkles, large-scale folding of the flame fronts and
increased frequency of pocket formations cause the flame elements to be oriented randomly in space
and contribute to the flame orientation distributions tending toward isotropic distributions. In spite
of the differences in the flame structures at different Lewis numbers as observed in Figs. 2-4, no

consistent trend is observed in Fig. 7 concerning any dependence of the flame orientation on the



Lewis number due to the fact that small-scale wrinkles, large-scale folding of flame sheets and the
presence of flame pockets can contribute in equal degrees to randomizing the flame orientation
distributions.

As Fig. 7 shows, the flame orientation distribution evolves from a highly anisotropic one
toward a more uniform distribution with increasing u’/S;. A measure of the degree of isotropy in
the flame orientation is the variance of the number of frequencies with respect to the mean number
frequency in the flame orientation distributions [12] in Fig. 7. That is, for a perfectly isotropic flame
front the variance in the number frequency about the mean number frequency will be zero since the
distribution is perfectly uniform at all angles, while for a highly anisotropic flame front the variance
will be large. The variance in the number frequency in the flame orientation distribution normalized
by the mean number frequency, o/<f>, at various Lewis numbers is plotted as a function of u’/S_
in Fig. 8. In spite of scatter in these data at low u’/S;, Fig. 8 shows a trend toward isotropy, i.e.,
o/<f> approaching zero with increasing u’/S, while the effect of the Lewis number is difficult to
discern due to the scatter in the data. An extrapolation of the data in Fig. 8 indicates that the
isotropy in the flame orientation is achieved for u’/S; = 10, similar to earlier results from this
laboratory [12).

The wrinkled flame perimeter normalized by a reference laminar flame perimeter, P/P,, are
plotted in Fig. 9 as a function of u’/S; at various Lewis numbers. The reference laminar flame
perimeter is defined as the distance between the maximum and minimum horizontal coordinates of
the flame front in a given image. Typically, since the field of view in the image is filled with the
flame front, this reference flame perimeter is equal to the width of the field of view. PP, is not
only an indicator of the degree of flame front wrinkling, but also a measure of the turbulent burning
velocity if the local flame speed does not differ appreciably from the unstrained laminar flame speed.
P1/P_ in Fig. 9 ranges form 2.9 to 5.2 when u’/S, is varied from 1.42 and 5.71, and these values are

well within the range of observed turbulent burning velocities as compiled by Abdel-Gayed et al. [20],
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although the rate of increase in P/P; as a function of u’/S; is somewhat lower than the observed
slope of the compiled data [20] possibly due to the fact that PP, is a two-dimensional wrinkled
flame perimeter data and owing to the differences in the detailed turbulence properties such as the
length scales, the spatial intermittency of velocity fluctuations, and burner configurations. As noted
earlier, increase in the frequency of small-scale wrinkles, large-scale folding of flame sheets, and
formation of pockets contribute to the increase in flame surface areas with increasing u’/S;. This
effect appears to be accelerated for the thermodiffusively unstable mixtures (Le=0.98) as indicated
by the higher flame perimeters in Fig. 9 at nearly all u’/S; in comparison with mixtures with larger
Lewis numbers. Amplification of flame front wrinkles and an increase in the propensity to form
flame pockets at the unstable condition thus leads to changes in flame structures, as observed in flame
front images of Figs. 2-4, and higher wrinkled flame perimeters by up to 30% as shown in Fig. 9.
Similar increases in flame surface areas for thermodiffusively unstable flames has been observed by
Wau et al. [5] for hydrogen/air premixed flames; by Haworth and Poinsot [14] for premixed flames in
two-dimensional turbulence; and by Goix and Shephard [9] for stagnation flames. Thus, for turbulent
premixed flames for u’/S; from 1.42 to 5.71 at the range of Lewis number considered in this study,
the effect of the Lewis number is primarily to affect the flame structures and enhance the flame
surface areas while the flame curvature and orientation statistics are essentially determined by the
turbulence properties.

The tendency of the turbulent flames to form pockets can also be quantified by measuring
the ratio of the flame pocket perimeter and the total wrinkled flame perimeter, which is plotted in
Fig. 10. Formation of a reactant pocket is a purely kinematical phenomenon in which fluid dynamic
straining and normal flame propagation cause different flame elements to collide with one another
thus forming a closed surface enveloping the reactant, and is easily observed in turbulent premixed
flames [5] and in flame/vortex interactions [21,22]. Formation of a product pocket, however, involves

local quenching or "tearing” of the flame front for the pocket to be separated from the contiguous




flame front; and two-dimensional images are insufficient to conclude that observed product pockets
are truly separate pockets of product gases in three-dimensions [26]. However, experimental evidence
using shadowgraph photography exists in support of the formation of product pockets in sufficiently
strong turbulence [27]; and in any event, we adopt a two-dimensional definition of product pockets
since they contribute to an apparent increase in two-dimensional flame surface areas. Within this
definition, the entire perimeter of the flame pockets should be observable within the field of view
for the objects to be classified as flame pockets. It can be observed in Fig. 10 that for a given u’/S;
the flame pocket perimeter tends to be larger for Le=0.98 (¢ = 1.25), although at stoichiometry the
flame pocket perimeter exhibits relatively small values. The instability mechanism can enhance
pocket formations since the increase in the amplitudes of the flame front wrinkles increases the
probability that the different flame elements will be contacted thus forming a pocket of reactant;
furthermore local quenching of the flame can cause separations from the contiguous flame front to
form pockets of products. The flame pocket perimeter ranges from 5-25% of the total wrinkled
flame perimeter; thus for strong turbulence and/or thermodiffusively unstable mixtures, formation of
pockets can be an important contributor to the increase of turbulent burning velocities, and

constitutes an important feature of turbulent premixed flames at these conditions.

CONCLUSIONS

From these results, the following conclusions concerning the surface properties of turbulent
premixed propane/air flames are made:
1. Two-dimensional images of turbulent premixed propane/air flames have been obtained for
u’/S; =1.42-5.71 and Le=0.98-1.86, which show that the flame fronts are more strongly convoluted
with increasing u’/S; and for thermodiffusively unstable mixtures (Le<1). Flame structures at these

conditions include such features as small-scale wrinkles, large-scale folding of flame sheets and flame
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pockets.

2. The flame curvature probability density functions are found to be nearly symmetric with
respect to the zero mean for all the Lewis numbers and turbulence conditions tested; and the mean
flame radii of curvature are approximately twice the Taylor scale of turbulence in the approach flow,
suggesting that the length scale of turbulence has a more important role than u’/S; or Lewis number
in determining the flame curvature.

3. The flame orientation exhibits an evolution from anisotropy toward a more uniform
distribution with increasing u’/S; at a similar rate for all Lewis numbers tested, and isotropy is
estimated to occur for u’/S; =10.

4. The normalized wrinkled flame perimeter, P4/P|, is observed to vary from 2.9 to 5.2 when
u’/S; is increased from 1.42 to 5.71, while thermodiffusively unstable mixture (Le<1) exhibits larger
wrinkled flame perimeter by up to 30 % in comparison to flames with Le>1.

S. Pockets of both reactants and product gases in two-dimensional images are oSsewed at these
conditions accounting for up to 25% of the total wrinkled flame perimeters with the fraction of the

flame pocket perimeters tending to be larger for Le<1.
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Table 1. Summary of test conditions.

é Ut w S 8% Le Re L° a8 <R>® oy

(mss)  (ms) (mm) (mm) (mm) (mm) (mm)
0.75 1.2 0.5 1.42 0.7 1.86 154 48 1.5 3.0 0.93
0.75 2.4 1.0 2.85 0.7 1.86 314 49 1.1 2.7 0.99
0.75 3.6 1.5 4.29 0.7 186 500 5.2 0.9 23 1.22
0.75 4.8 2.0 5N 0.7 1.86 667 5.2 0.8 1.5 1.92
1.00 1.4 0.6 1.42 0.6 140 185 48 1.4 3.1 0.88
1.00 29 1.2 2.85 0.6 140 377 4.9 1.0 2.7 0.99
1.00 4.3 1.8 4.29 0.6 140 600 52 0.8 2.1 1.35
1.25 1.2 0.5 1.42 0.7 098 154 48 1.5 3.1 0.95
1.25 2.4 1.0 2.85 0.7 0.98 314 4.9 1.1 2.3 1.24
1.25 3.6 1.5 4.29 0.7 098 500 5.2 0.9 19 1.51
1.25 4.8 2.0 5.7 0.7 098 667 52 0.8 1.8 1.54

3Mean flow velocity; °flame thickness (§; =4.6a/S; where a is the mean thermal diffusivity);
“integral length scale; 9Taylor length scale (A=L(15/Re;)"?); °mean flame radius of
curvature (<R>=2/(<H*> +l<H">)); ~variance in flame curvature.
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Figure Captions

Fig. 1. Pulsed-flame flow reactor.

Figs. 2(a)-(d). Binarized flame front images at $=0.75 (Le=1.86) for v'/S; =1.42-5.71 (20 mm x 20
mm field of view; black represents the reactant and the direction of global flame propagation
is from top to bottom).

Figs. 3(a)-(c). Binarized flame front images at ¢$=1.00 (Le=1.40) for u’/S; =1.42-4.29.

Figs. 4(a)-(d). Binarized flame front images at $=1.25 (Le=0.98) for u’/S; =1.42-5.71.

Fig. 5. Flame curvature probability density functions.

Fig. 6. Mean flame curvatures.

Fig. 7. Flame orientation distributions.

Fig. 8. Variance in number frequency of the flame orientation angles normalized by the mean

number fr